Conventional information processors freely convert information between different physical carriers to process, store, or transmit information. It seems plausible that quantum information will be carried by different physical carriers as well when developing systems for applications such as tests of fundamental physics, quantum-enhanced sensors, and quantum information processing.
laser cooling of the coupled translational harmonic motion of the two ions, for preparation of a pure quantum state of the molecule 1 and to serve as a high-fidelity qubit 2 in our entanglement demonstration. We then apply tailored laser pulse sequences to generate entangled states of the rotation of the molecular ion and the long-lived 411.0 THz (729 nm) electronic qubit of the atomic ion. We achieve an entangled state fidelity of 0.87(3) for a molecular qubit within a rotational manifold with a frequency of ≈ 13.4 kHz, while we reach a fidelity of 0.76(3) for a qubit in different rotational manifolds with a much higher frequency of approximately 855 GHz. In both cases, we obtain fidelities far above the threshold for genuine two-partite entanglement of 1/2 (ref. 35 ).
We believe our demonstration of entanglement involving an individually controlled molecule is a necessary and critical step towards fully realizing the potential applications of molecules in quantum sciences, and provides evidence that atoms can be entangled with various molecular rotational states, with their frequency difference spanning more than seven orders of magnitude. Molecules with permanent electric dipole moments can serve as antennas for coupling to quantum systems of disparate nature at very different frequencies, including cantilevers and microwave photons in a superconducting cavity 20 . If quantum-logic control can be extended to vibrational transitions and their overtones, a molecular ion can serve as a bridge to connect atomic ion qubits to many other systems, for example electromagnetic radiation with frequency up to several hundred THz, which includes low-transmission-loss photonic (flying) qubits in the 1.5 µm to 1.6 µm telecom wavelength range. Conversely, an atomic ion can also function as a means to prepare entangled states of several co-trapped molecular ions that can be used for quantum-enhanced metrology and sensing over this wide frequency range.
In our experiments, a 40 Ca + atomic ion is co-trapped with a 40 CaH + molecular ion in a linear Paul trap 1 (see Fig. 1 ). A static external magnetic field B with magnitude ≈ 0.36 mT provides a quantization axis. The Coulomb repulsion between the ions results in two normal modes of coupled harmonic motion along each of three orthogonal directions, with the two ions moving in phase or out of phase. These modes of coupled motion are cooled by applying lasers that are all near resonant with transitions in the 40 Ca + ion (see Methods). To transfer and manipulate quantum states of the co-trapped molecular ion in QLS 32 , we utilize the out-of-phase mode M at ≈ 5. Figure 1 : Schematic of the experiment. Acousto-optic modulators (AOMs) are used to control the intensities, frequencies, and relative phases of the light fields on the ions. Transitions between the |S and |D states of the 40 Ca + ion are driven by a laser at 729 nm (red solid line). Other laser beams on the right with dashed arrows are used for cooling, manipulation, and detection of the 40 Ca + ion (see Methods). The molecule is manipulated by driving two-photon stimulated Raman transitions with two beams generated from a continuous wave 1051 nm fiber laser (green lines), and two beams generated from an optical frequency comb laser centered at ≈ 850 nm (orange lines). The pairs of beams are offset in frequency by two AOMs and adjusted to circular (σ − ) and linear (π) polarization, respectively. The σ − beams are along the direction of the magnetic field (B), which is ≈ 45 degrees from the line connecting the equilibrium locations of the ions. The variable delay is adjusted to ensure that the ≈ 40 fs pulses of the two beams from the frequency comb overlap temporally on the molecule. the direction linking the equilibrium positions of the ions. The quantized state with n phonons (motional quanta) of this mode is denoted by |n M . For ground state cooling of the coupled motional modes and preparation of entangled states, in the 40 Ca + atom we use the ground electronic state |S ≡ |S 1/2 , m j = −1/2 and a meta-stable excited state |D ≡ |D 5/2 , m j = −5/2 with a lifetime of approximately 1 s (see Fig. 2a ), where m j is the quantum number for the component of Fig. 1 . In particular, we can tune the frequency difference between these light fields to address and initialize a low-frequency molecular qubit composed of two states within the J = 2 manifold, |2, −3/2, − ≡ |−3/2 and |2, −5/2, − ≡ |−5/2 , with transition frequency ≈ 13.4 kHz (see Fig. 2b ).
We start the entanglement sequence by preparing the 40 CaH + ion in the |−3/2 state in a probabilistic but heralded fashion 1, 3 (also see Methods). Subsequently, we apply ground state cooling and optical pumping on the 40 Ca + ion, ideally leaving the system in the state
The target entangled state of the low-frequency molecular qubit with the atom has the form 40 Ca + atomic ion (a) and the 40 CaH + molecular ion (b). Here "carrier" denotes transitions between ion states not changing the state |n M of the out-of-phase motional mode M , while "sideband" transitions add or subtract one motional quantum for this mode along with changing the ion state. As described in more detail in the main text, |S and |D are electronic states of the atom, and |−5/2 , |−3/2 = |2 , and |0 denote rotational states of the molecule.
This state consists of a superposition where the lower energy state of the atom and higher energy state of the molecule are paired and vice versa. The entangled state |ψ L therefore has odd parity.
Starting with |Ψ 0 , we drive a π/2-pulse on the molecular Raman sideband transition |−3/2 |0 M ↔ |−5/2 |1 M (see Methods) to ideally prepare
The intermediate state |Ψ I is an entangled state between the molecular qubit and the mode of motion M . We transfer this entanglement from the motion to the 40 Ca + atom by driving a π-pulse on its |S |1 M ↔ |D |0 M sideband transition. This pulse of the 729 nm laser does not affect the
In this way, the motion factors out to produce the desired entangled state |ψ L of the atom and the molecule. We start the pulse sequence on the molecule to reduce effects of the relatively short (≈ 1 ms) coherence time of the 40 Ca + qubit, which is limited by magnetic field fluctuations in our setup.
We characterize the entangled state with measurements of the state populations P ζ (the probability of finding the atom and the molecule in the state |ζ ) within the four-state subspace {|S |−5/2 , |D |−3/2 , |S |−3/2 , |D |−5/2 } of the atom and the molecule, and by characterizing the coherence between the states 36 . We determine P ζ by applying state-dependent fluorescence detection on the atomic states, and subsequently detecting the molecular states by transferring them to the atom via the motional mode M with quantum logic, all in the same experiment trial (see Methods). Repeating the sequence of entanglement generation and atomic-molecular state detections accumulates statistics for P ζ . The coherence of the state produced in the experiment can be characterized by applying an additional "analysis" π/2-pulse to the atomic qubit and a π/2-pulse to the molecular qubit after the entangled state is created, with a variable phase φ a and −φ a , respectively, relative to the pulses used during state creation 36 . This leads to interference between the superposition parts of the entangled state, which is reflected in the populations P ζ (φ a ) observed after the π/2-pulses. In particular, the parity
oscillates as C cos(2φ a + φ 0 ), where φ 0 is an offset in phase, and C ≥ 0 is the observed contrast. The fidelity between the entangled state produced in the experiment and |ψ L is then 36 ). To demonstrate the versatility of molecules, we also entangle the atom with a high-frequency molecular qubit, composed of |2 ≡ |2, −3/2, − = |−3/2 (a state shared with the low-frequency qubit) and |0 ≡ |0, −1/2, − , with a transition frequency of ≈ 855 GHz (see Fig. 2b and Methods).
The target atom-molecule entangled state in this case has the form
The lower energy states and the higher energy states of the two ions are paired, making |ψ H an even-parity state. We manipulate the high-frequency molecular qubit using stimulated Raman transitions induced by an optical frequency comb, as theoretically described in ref. 37 and ref. (4)) deduced from populations after applying π/2-pulses to the experimentally prepared entangled state |ψ L of the atom and the low-frequency molecular qubit with frequency ≈ 13.4 kHz. The phase φ a is scanned with equal and opposite steps on the atomic and the molecular ions respectively. We observe a sinusoidal parity fringe contrast of C = 0.78(4) from a least-squares fit to the data, weighted by their statistical standard deviation of the mean. b, Parity fringe (see Eq. (6)), deduced from populations after applying π/2-pulses to the experimentally realized entangled state |ψ H of the atom and the high-frequency molecular qubit with frequency ≈ 855 GHz. Here φ a is scanned with equal steps on the two ions. We observe a parity fringe contrast of C = 0.65 (5) . The offsets of the initial phase φ 0 in both figures are caused by residual Stark shifts induced by the 729 nm beam, and by the 1051 nm beams for a and by the comb beams for b. Error bars denote one standard deviation from the mean. and experimentally demonstrated in ref. 3 . The two beams originate from the same source, with frequency of each beam shifted by an AOM to match the frequency differences of pairs of comb teeth with transition frequencies of the molecule to collectively drive the corresponding Raman transition (see Fig. 1 and Methods). After initial preparation of the system in ideally the intermediate state |Ψ I , we map |−3/2 |0 M = |2 |0 M to |0 |0 M with a carrier π-pulse of the comb laser, followed by a carrier π-pulse from the 1051 nm laser that maps |−5/2 |1 M to |2 |1 M . A subsequent |S |1 M ↔ |D |0 M sideband π-pulse on the atom ideally prepares |ψ H .
To quantify the fidelity F H between |ψ H and the experimentally realized entangled state with the high-frequency molecular qubit, the population measurements are accomplished in a similar way as for the entangled state involving the low-frequency molecular qubit. To find the contrast of the parity fringe we need to apply a π/2-pulse with the frequency comb to address the high-frequency molecular qubit (see Methods). By scanning the analysis phase φ a for the comb π/2-pulse and that of the 729 nm π/2-pulse on the atom in equal steps with the same sign, we obtain the signal shown in Fig. 3b with
The different signs with which the phases of the analysis π/2 pulses are scanned arise from the opposite parity for the entangled components in the states |ψ L and |ψ H (see Eq. (2) and (5) 1 Methods
Atomic state manipulation and detection
We apply laser cooling to 40 Ca + only, using lasers near resonant with atomic transitions to sympathetically cool all motional modes of the two-ion crystal. We perform Doppler cooling of 40 Ca + with laser light at 397 nm driving the transition between S 1/2 and P 1/2 states, while using lasers at 866 nm and 854 nm to repump from the metastable D 3/2 and D 5/2 states, respectively. See Raman transitions driven with optical frequency comb beams, we split the comb laser output into two different beams, and control their frequency and phase differences using AOMs (Fig. 1) , with the same drive frequency f AOM but with opposite diffraction orders. The AOMs allow us to scan the frequency difference 2f AOM for the beams over a range that exceeds the repetition rate. The comb is far-off resonance from any electronic transition in the molecule, but stimulated Raman transitions at frequency f Raman can be driven simultaneously by all pairs of comb teeth (one comb tooth from each beam for every pair) with matching frequency difference
where N is an integer number of order 10000 (see below) and the sign depends on whether a photon is absorbed from the beam with σ − or π polarization 3 .
In the parity analysis for |ψ H we need to apply a π/2-pulse with the frequency comb, which has frequency components close to the D 5/2 ↔ P 3/2 transition in 40 Ca + . To avoid affecting the state of the atom with this pulse, we apply sideband π-pulses on the atom mapping |D, n = 0 → |S, n = 1 to hide the atomic population in |S before the comb pulse and |S, n = 1 → |D, n = 0 afterwards for the population measurements.
Statistics for entangled states analyses
To determine the fidelity for the realization of |ψ L , we perform parity measurements with φ a = π 6 ×{0, 1, 2, ..., 11} and number of trials {246, 39, 115, 106, 92, 83, 114, 62, 64, 67, 150, 50}, respectively.
To determine the fidelity of the experimentally prepared |ψ H , we perform parity measurements with φ a = π 5 ×{0, 1, 2, ..., 9} and number of trials {98, 37, 132, 74, 141, 63, 52, 35, 84, 71}, respectively. The variation in the number of trials is the result of repeating the experiment sequence with the same parameters including φ a after we confirm the molecular state is heralded in the initial state of |−3/2 . After each repetition, we check whether the molecule remains in the desired manifold of {|−3/2 , |−5/2 }, where we design the verification measurement so that a positive result brings the molecule back to the |−3/2 state. If the molecule has left the {|−3/2 , |−5/2 } manifold we randomly draw a new value of φ a from the list for the next time the molecular state is heralded in |−3/2 . 40 CaH + |2 ≡ |2, −3/2, − ↔ |0 ≡ |0, −1/2, − transition frequency The transition frequency between the high-frequency qubit states |2, −3/2, − and |0, −1/2, − explored in this work is determined in a spectroscopy sequence in which the molecule is prepared in the state |2, −3/2, − , followed by a comb Raman pulse that transfers the population to |0, −1/2, − when |N f rep − 2f AOM | is near resonance with the transition (see also ref. 3 ). The molecular population in |2, −3/2, − is checked after the comb Raman pulse. Absence from the state is attributed to populating the |0, −1/2, − state, because we cannot directly detect this state as in ref. 3 . We trace out the transition lineshape, i.e. the transition probability as a function of f AOM , by repeating the sequence to build up statistics while varying f AOM . To determine the absolute transition frequency one needs to find the integer N . This is accomplished by measuring the change in frequency ∆f AOM that needs to be applied to f AOM in order to drive the same transition when f rep is changed by 
Determination of the

